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Abstract: Previous studies have shown that metabolomics can be a useful tool to better understand
the mechanisms of carcinogenesis; however, alterations in biochemical pathways that lead to
bladder cancer (BC) development have hitherto not been fully investigated. In this study,
gas chromatography-mass spectrometry (GC-MS)-based metabolomics was applied to unveil the
metabolic alterations between low-grade and high-grade BC cultured cell lines. Multivariable analysis
revealed a panel of metabolites responsible for the separation between the two tumorigenic cell lines.
Significantly lower levels of fatty acids, including myristic, palmitic, and palmitoleic acids, were
found in high-grade versus low-grade BC cells. Furthermore, significantly altered levels of some
amino acids were observed between low- and high-grade BC, namely glycine, leucine, methionine,
valine, and aspartic acid. This study successfully demonstrated the potential of metabolomic analysis
to discriminate BC cells according to tumor aggressiveness. Moreover, these findings suggest that
bladder tumorigenic cell lines of different grades disclose distinct metabolic profiles, mainly affecting
fatty acid biosynthesis and amino acid metabolism to compensate for higher energetic needs.
Keywords: bladder cancer; cancer progression; in vitro; metabolomic signatures; endometabolome;
GC-MS; metabolic pathways
1. Introduction
Bladder cancer (BC) is the second most common genitourinary malignancy and one of the
deadliest cancers worldwide [1]. BC can be classified as low-grade (LG) or high-grade (HG) according
to histopathological characteristics [2,3], with low-grade meaning that the differentiation of the tumor
is more similar to normal than high-grade. Importantly, HG BC is more aggressive and prone to
invasion than LG [2]. Although significant progresses in unveiling new diagnostic strategies based on
molecular markers have been made [4,5], their high cost and flaw in detecting early BC do not offer
advantage over classical ones [6], thus hindering their clinical application [5]. Therefore, there is an
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urgent need for discovering early, specific, cost-effective, and non-invasive diagnosis methods, so that
therapeutics can be more effective.
Metabolomics has proven to be a promising and alternative tool for early cancer detection, through
the comprehensive analysis of alterations in metabolite levels that can be translated into biomarkers.
These metabolite signatures reflect the biological activity of each cancer cell type, which brings the
possibility of distinguishing unique dysregulations in metabolic pathways characteristic of different
cancer subtypes [7]. This approach has been already applied to several cancers including those of
breast [8], ovary [9], kidney [10], colorectum [11], and hepatocellular carcinomas [12], through the
screening and detection of metabolite levels in human urine, feces, or biofluids, which represents
an advantage over classical invasive diagnosis methods [13]. Nevertheless, discrepancies among
studies that aimed to investigate cancer biomarkers for early detection through metabolomic analysis
are compelling, hampering the development of a diagnostic tool based on such molecules. This
particularly applies to the case of BC, for which studies based on metabolomic diagnosis biomarkers
are controversial and limited [3]. For these reasons, translatability to clinical settings has been hindered.
Therefore, more studies focusing on early detection and the progression of BC are urgently needed.
Recently, studies on metabolomics have also focused on in vitro approaches to obtain further
information about metabolic pathways that lead to BC progression [3]. In vitro cell culture systems
represent the least complex disease model and have a number of advantages over tissue or
biofluid analysis, including simpler and controllable experimental settings, less variability among
samples, reduction in animal testing, and the provision of better insight into metabolic changes [14].
Nevertheless, this study model has only comprised immortalized cell lines and primary cell cultures
so far, which leads to some limitations mainly related to extrapolation to in vivo systems [15], the
inability to mimic the environment and communication between surrounding cells [16], the need of
routine evaluation, and a careful interpretation of results, since metabolic perturbations can be caused
by changes in the culture cell medium rather than to the disease itself [14].
The application of metabolomic approaches, using different disease models, has led to the
discovery of several metabolites whose levels are altered in BC cells (see review by Rodrigues et al. [3])
which are involved in important biochemical pathways that produce energy, including glycolysis,
tricarboxylic acid (TCA) cycle, fatty acid β-oxidation, and amino acid metabolism. Nevertheless, there
is a clear gap in the search for metabolites that can be used to distinguish different grades of BC,
particularly in in vitro studies, since past research has mostly focused on distinguishing normal and
benign cancer samples. There are very few studies conducted using a metabolomics approach to
distinguish LG from HG BC, all of which applied to either human plasma/serum or urine [17–19].
However, to the best of our knowledge, no study has yet investigated the endometabolome signatures
of BC cultured cell lines with different tumor grades, making our in vitro study a pivotal one in
searching for metabolic differences between LG and HG transitional cell carcinoma (TCC) of the bladder.
In this study, we applied gas chromatography-mass spectrometry (GC-MS)-based metabolomics to
determine the endometabolome signatures of two BC cell lines of different tumor grades. This approach
not only allowed for a demonstration of the potential of metabolomics analysis to discriminate BC
cells according to tumor aggressiveness but also extended the knowledge on the metabolic alterations
between LG and HG bladder TCC, an evaluation which is lacking among published in vitro studies.
2. Material and Methods
2.1. Chemicals
Eagle’s minimum essential medium (MEM) supplemented with L-glutamine, N-trimethylsilyl-N-
methyl trifluoroacetamide (MSTFA, ≥98.5%), desmosterol, and L-norvaline was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Penicillin, streptomycin, trypsin, and fetal bovine serum
(FBS) were purchased from Invitrogen (Karlsruhe, Germany). Phosphate buffer solution (PBS) was
purchased from Biochrom (Merck, Berlin, Germany); methanol (99.9%) and dichloromethane (99%)
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were purchased from VWR (Leuven, Belgium). All chemicals were of analytical grade and were
dissolved in ultrapure water unless otherwise indicated.
2.2. Cell Lines and Culture Conditions
The BC cell lines 5637 and J82 were obtained from American Type Culture Collection (ATCC;
Manassas, VA, USA). Both cell lines were derived from transitional cell carcinoma of the human
urinary bladder, with 5637 being classified as grade II and J82 as grade III (stage pT3) [20]. BC cell lines
were cultured in MEM to ensure optimal cell growth and maintenance of epithelial cell characteristics.
The culture medium was prepared as indicated by the manufacturer and supplemented with 10%
FBS and 100 units·mL−1 penicillin/100 µg·mL−1 streptomycin. All cell lines were routinely tested for
Mycoplasma spp. contamination (PCR Mycoplasma Detection Set, Clontech Laboratories).
2.3. Sample Collection
The experiments were carried out during five passages, with triplicates for each passage, after an
adaptation stage of at least three passages for both cell lines. Cells were grown for 48 h in T75 culture
flasks to near confluence. The culture medium was discarded and cells were gently washed with 2 mL
PBS to remove all medium. Cold methanol (3 mL) was then added to each flask to effectively quench
the metabolism of cells. Subsequently, cells were scraped off the flasks on ice, transferred to a falcon
tube and centrifuged for 10 min at 3000 g at 4 ◦C. The supernatant was collected and stored at −80 ◦C
until analysis.
2.4. Sample Preparation for GC-MS Analysis
Each sample (1 mL) was transferred into a glass vial, followed by the addition of 10 µL desmosterol
(1 mg/mL) and norvaline (1 mg/mL) as internal standards. These compounds, which were added
in equal amounts to all samples, were used to monitor the performance of the of GC-MS acquisition
(injection issues and retention time deviation). Subsequently, the mixture was vortex-mixed at high
speed for 1 minute and carefully evaporated to dryness at room temperature under a gentle stream
of nitrogen gas. The derivatization process was adapted from a previous work performed in our
laboratory [21,22], which was carried out by adding 50 µL MSTFA and 50 µL dichloromethane to
the dried extract, followed by vortex-mixing at high speed for 1 minute and incubation for 30 min at
80 ◦C. Then, the derivatized solution was cooled and transferred into screw-top autosampler vials for
subsequent GC-MS analysis. In addition, quality control samples (QCs) were prepared as a pool of all
samples in the study and divided into aliquots to avoid the repeated freeze–thaw cycles. QCs were
derivatized using the same protocol applied for samples.
2.5. GC-MS Analysis: Equipment and Conditions
The endometabolome profiles of J82 and 5637 cells were obtained using an EVOQ 436 GC
system (Bruker Daltonics, Fremont, CA) coupled to a SCION TQ mass detector, a Bruker Daltonics
MS workstation software (version 8.2), and a Combi-PAL autosampler (Varian Pal Autosampler,
Switzerland), as described previously [22]. Briefly, random injection of all samples was performed and
a QC sample was also injected in every four samples, under the same conditions, for a total of seven
QCs. Chromatographic separation was obtained by using a GC fused silica capillary column BR-5ms
(5% phenyl, 95% dimethyl polysiloxane, 30 m × 0.25 mm × 0.25 µm) (Bruker Daltonics, Freemont,
CA, USA). The injector temperature was 250 ◦C and samples (1 µL) were introduced in split mode
with a 1:5 ratio. Helium C-60 (Gasin, Portugal) was the carrier gas with a flow rate of 1.0 mL/min.
The program set for the column temperature was as follows: initial temperature at 70 ◦C held for 2 min,
then ramped at 15 ◦C/min to 250 ◦C, held for 2 min, and finally increased at 10 ◦C/min to 300 ◦C,
then held for 8 min, having a total duration of 29 min per run. The MS detector was functioning in
Electron Impact (EI) mode. The transfer line temperature was 230 ◦C, the manifold temperature was
40 ◦C, and the ion source temperature was 250 ◦C. The mass range selected was 50–600 m/z, with a
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scan rate of 6 scans per second. The resolution and intensity of the chromatographic peaks among all
samples were monitored using norvaline and desmosterol as internal standards.
2.6. GC-MS Data Pre-Processing
All raw data files obtained from GC-TQ-MS were exported as Computable Document Format
(CDF) files and pre-processed to convert instrumental data sets into a manageable format for data
analysis and remove any biases such as background, noise, and retention time (RT) fluctuations
over a set of samples. Data pre-processing was performed using the software MZmine 2.21 [23].
The parameters used in these steps were set as follows: RT range 2.8–29.0 min; m/z range 50–600; MS
data noise level 2.5 × 104; m/z tolerance 0.5; chromatogram baseline level 2.0 × 104; peak duration
range 0.05–0.50 min. Chromatographic peaks regarded as trash or irrelevant were manually removed
from the data matrix, as well as all peaks with a relative standard deviation (RSD)≥30% across all QCs.
Normalization of the data was performed by determining the mean of the chromatogram’s area of
each set of triplicates, which was subsequently divided by the total area. Ultimately, statistical analysis
was performed with the resulting normalized peak areas.
2.7. Metabolite Identification
The identification of metabolites in GC-TQ-MS chromatograms was performed by comparing
the retention indices (RI) and mass spectra fragmentation patterns of each compound with the RI and
mass spectra present in the National Institute of Standards and Technology (NIST) spectral library
version 14 (Gaithersburg, MA, USA). The reverse match obtained by NIST 14 was also considered and
the identification was obtained when a value of 700 or above was achieved. Compounds for which
no satisfactory match was found were listed as “unknown i” (i = 1,2,3 . . . ) according to their RT in
ascending order. When possible, the compound identification was confirmed through comparison
of their RTs and mass spectra with that obtained from pure standards. Pathway and metabolite
information were extracted from the Human Metabolome Database (HMDB) [24] and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) [25].
2.8. Metabolic Pathway Analysis
To explore which metabolic pathways were altered and contributed the most to the separation
between HG J82 and LG 5637 cell lines, Metabolite Set Enrichment Analysis (MSEA) [26], specifically
the pathway over-representation analysis, was performed using the freely available online software
Metaboanalyst 4.0 [27], where biologically meaningful patterns were investigated using the set of
significantly different metabolites (compound names).
2.9. Statistical Analysis
Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA)
were applied to the final matrix scaled to pareto (Par) [28], using SIMCA-P 13.0.3 (Umetrics, Umea,
Sweden). The R2X (variance explained by the X matrix), R2Y (variance explained by the Y matrix), and
Q2 (goodness of prediction or prediction power) parameters, obtained by 7-fold cross validation, were
used to evaluate the model robustness (SIMCA-P 13.0.3). The PLS-DA loadings plot and the variable
importance to the projection (VIP > 1) of each variable were used to assess the variables (m/z-RT pairs)
responsible for group separation. For subsequent analyses, the peak area of all detected derivatives
from the same metabolite were summed, as recommended in the literature [29].
The statistical significance of relevant compounds identified in the PLS-DA loadings plots was
assessed using the unpaired Mann–Whitney test (non-normally distributed data), in GraphPad Prism
version 6 (GraphPad Software, San Diego, CA, USA). This software was also used to determine the
area under the curve (AUC) for each metabolite. For each model, the discriminative compounds were
considered statistically significant when p < 0.05 (confidence level 95%). Effect size [30] was computed
for compounds with p < 0.05 and corrected for small sample sizes.
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3. Results and Discussion
In this study, the endometabolome profiles of the LG BC cell line 5637 and the HG BC cell
line J82 were analyzed to search for metabolites with the potential to assess tumor aggressiveness.
Representative GC-MS chromatograms of the in vitro tumorigenic cells are shown in Supplementary
Figure S1. A total of 37 metabolites were identified across all samples, except for one metabolite which
remained unknown (Supplementary Table S1). Most of the identified metabolites belong to the classes
of amino acids, fatty acids, and organic acids or derivatives. Less represented classes included amino
alcohols, monosaccharides, sterols, and sugar alcohols. The general characteristics of the metabolites
detected in the endometabolome of BC cell lines, such as RT, RI, characteristic ions (m/z), metabolite
identification method, HMDB identification, and the main pathways in which they are involved, are
summarized in Supplementary Table S1. Whenever available, BC studies in which those metabolites
have been previously found are also described.
PCA was first performed to explore the metabolic differences between LG BC and HG BC cell
endometabolomes, showing a tendency to separate both (R2X = 0.690, Supplementary Figure S2).
PLS-DA confirmed a clear separation between LG BC and HG BC (Figure 1a) with a good prediction
power (Q2 = 0.870). Eight metabolites were identified as important for discriminating between LG
BC and HG BC cell lines, as represented in the Volcano plot (Table 1, Figure 1b). Glycine, myristic,
palmitic, and palmitoleic acids were found to be significantly decreased in HG J82 cells, whereas
leucine, methionine, valine, and aspartic acid were found to be significantly increased in the HG
compared to the LG cell line.
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Figure 1. (a) Partial least squares discriminant analysis (PLS-DA) scores scatter plot obtained for the 
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confidence limit of the model; (b) Volcano plot showing the metabolites contributing to the 
discrimination between high-grade (HG) J82 and low-grade (LG) 5637 cells. Horizontal dashed line 
indicates the significance level (p < 0.05). Three-letter codes are used for amino acids. C14:0, myristic 
acid; C16:0, palmitic acid; C16:1, palmitoleic acid; Chol, cholesterol; ETA, ethanolamine; Lac, lactic 
acid; PCA, pyroglutamic acid; Sarc, sarcosine; Un2, unknown 2. 
Table 1. List of metabolites selected as important for the discrimination between HG (J82) and LG 
(5637) bladder cancer cells. Values for ES, ESSE, p, and AUC are indicated for each metabolite. 
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Boxplots of two of the most significantly altered metabolites between the two cancer cell lines are
represented in Figure 2a (aspartic acid) and Figure 2b (myristic acid). Figure 3 shows the metabolic
pathways that are significantly disturbed between the two BC cell lines, which will be discussed in
detail below.
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Table 1. List of metabolites selected as important for the discrimination between HG (J82) and LG
(5637) bladder cancer cells. Values for ES, ESSE, p, and AUC are indicated for each metabolite.
Metabolite
HG J82 vs LG 5637
ES (±ESSE) a p-Value b AUC
Amino acids and derivatives
Glycine ↓ −1.51 (±1.30) 1.59 × 10−2 0.960
Aspartic acid ↑ 2.13 (±1.46) 1.59 × 10−2 0.960
Leucine ↑ 1.48 (±1.29) 3.97 × 10−2 0.880
Methionine ↑ 1.46 (±1.29) 3.17 × 10−2 0.920
Valine ↑ 1.63 (±1.33) 3.17 × 10−2 0.920
Fatty Acids
Myristic acid ↓ −4.50 (±2.27) 7.90 × 10−3 1.000
Palmitic acid ↓ −3.28 (±1.82) 7.90 × 10−3 1.000
Palmitoleic acid ↓ −4.46 (±2.25) 7.90 × 10−3 1.000
AUC, area under the curve; ES, effect size; ↑, metabolites increased; ↓, metabolites decreased in the endometabolome
of HG vs. LG cancer cells. a ES determined as described in Reference [30]; b 95% significance level (p < 0.05).
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Figure 2. Boxplots of (a) aspartic acid and (b) myristic acid, two metabolites found to be significantly 
altered between the LG bladder cancer cell line 5637 (n = 5) and the HG bladder cancer cell line J82 (n 
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The levels of myristic, palmitic, and palmitoleic acids were significantly decreased in the higher
tumor grade cell line, which is concordant with the well-known fact that cancer cells, as they grow
into more advanced stages, change their energetic requirements to keep on growing and proliferating.
This is because several important biological processes, such as the synthesis of DNA and proteins or
the production of new cellular components, need to be maintained and enhanced as the tumor becomes
more aggressive [31,32]. Fatty acids (FAs), when metabolized by cells, yield great amounts of energy
that serve as fuel for several cellular processes such as the TCA cycle and β-oxidation [33]. Moreover,
FAs are also involved in other cellular processes, particularly cell signaling and cell membrane integrity.
To the best of our knowledge, no previous studies have reported alterations in the levels of these three
FAs according to BC grading. Therefore, our results offer an important insight into the metabolic
differences between tumor grades and clearly demonstrate that LG and HG BC cells generate a different
in vitro signature that reflects the distinct metabolic needs of those cancer cells, with advanced grades
requiring more FA consumption for survival and continuous growth and proliferation [3].
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Figure 3. Summary plot for metabolite set enrichment analysis (MSEA) performed for the HG bladder
cancer (BC) cell line (J82) versus the LG BC cell line (5637), where metabolite sets are ranked according
to the Holm p-value. The horizontal bar graph summarizes metabolic pathways that were different
between HG and LG bladder cancer cells. Significantly different pathways include ammonia recycling,
fatty acid biosynthesis, and methionine and glutamate metabolisms.
Referring to amino acids, glycine was found to be decreased in HG BC cells (J82) compared to LG
BC cells (5637). Corroborating our findings, previous studies by Dettmer et al. [34] and Cao et al. [35]
observed lower levels of glycine in the serum of patients with advanced BC compared to patients with
LG BC. Glycine may play a critical role in tumor progression to higher grades [36], being involved
not only in amino acid metabolism but also in purine and glutathione metabolism [3]. This suggests
that these two pathways might be augmented in HG cancer cells and glycine may be highly used in
order to either produce more DNA/RNA components, proteins, or antioxidant metabolites. Glycine is
also involved in ammonia recycling (Figure 3), being used to give rise to ammonia through the action
of the glycine cleavage system [37]. Upregulation of this ammonia recycling-related pathway might
explain the decrease in glycine levels as BC progresses, but further studies are required to confirm
this hypothesis.
Apart from glycine, four other amino acids were significantly altered between the two BC
cell lines, namely aspartic acid, leucine, valine, and methionine, which may indicate alterations in
amino acid metabolism (Figure 3) and consequently in the pathways in which these amino acids
are involved, namely protein biosynthesis and the TCA cycle. The potential increase in protein
biosynthesis combined with the downregulation of the TCA cycle, which also corresponds with the
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upregulation of FA biosynthesis, is crucial for cancer cells to maintain their proliferative demands
as proteins and FA components are necessary during cell division [38]. Furthermore, TCA cycle
downregulation may show that cancer cells, as they develop to more advanced stages, increasingly rely
on glycolytic pathways over oxidative phosphorylation [3]. These alterations in amino acid levels and
their respective pathways were previously found in other BC metabolomic studies in which different
tumor grades were compared in vitro and in human biofluids, namely urine and blood [34,35,39–47].
Noticeably, methionine has not been previously reported as a differentially altered amino acid
between BC grades. In this study, we observed that methionine metabolism was found to be one of the
most important discriminatory pathways comparing HG and LG BC cells (Figure 3). This demonstrates
that this pathway is altered towards the production of methionine, which is an essential amino acid
that functions as an intermediate for protein synthesis, in transmethylation reactions as a methyl donor
to S-adenosyl methionine (SAM) and in detoxifying processes, as well as an important compound
for angiogenesis [48]. Moreover, the increase in methionine levels in HG cancer cells may also be
associated with the downregulation of the TCA cycle. This is a novel finding that should be considered
in future validation and translational studies with human samples.
4. Conclusions
In this study, we used an in vitro metabolomics approach to evaluate alterations in the endometabolome
signatures of bladder cancer cells with distinct tumor grades. The bottom-up approach was selected
due to its easily controllable setup and lower complexity compared to other disease models, therefore
providing better insight into the metabolic changes between the two types of BC cells. The results
obtained in this study regarding the endometabolome analysis of HG and LG cancer cells allow us to
propose some metabolic alterations occurring during tumor progression in the bladder. Major changes
were found in energy-related metabolic pathways, namely FA biosynthesis, amino acid metabolism,
and ammonia recycling. Differences in FA levels between HG and LG cancer cell lines may reflect the
distinct reliability in β-oxidation to generate energy. The same applies to amino acid metabolism along
with ammonia recycling reflecting alterations in protein biosynthesis and the TCA cycle towards the
support of tumor cell growth and proliferation. Furthermore, methionine stands out as an amino acid
that, to our best knowledge, has never been reported before in in vitro studies comparing HG and LG
bladder cancer, making this metabolite a novel finding to be validated. Overall, the results from our
study may contribute to the discovery of promising biomarkers applicable to the categorization of
the LG and HG forms of BC and the development of new therapeutic approaches, pending further
investigation and validation.
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on the NIST (2014) and standards. RT, characteristic ions (m/z), identification method with reverse % of match
from NIST/standards when used, CAS registry number and HMDB code (when available) are indicated for each
compound, as well as the main pathways in which they are involved and BC studies where they were previously
found (when reported).
Author Contributions: D.R. was responsible for the execution of the experimental work and data analysis. A.M.A.
supported cell culture and data analysis. J.P. helped with the statistical analysis of the data. C.J. and R.H. kindly
provided the cell lines used in the study and gave conceptual advice. P.G.d.P., M.C., and M.d.L.B. contributed
to the conception, design, and management of the study. D.R. wrote the manuscript with input from M.C. All
authors critically commented on and approved the final submitted version of the paper.
Funding: This work received financial support from the European Union (FEDER funds POCI/01/0145/
FEDER/07728) and national funds (FCT/MEC, Fundação para a Ciência e a Tecnologia and Ministério da Educação
e Ciência) under the Partnership Agreement PT2020 UID/MULTI/04378/2013. The study is a result of the project
NORTE-01-0145-FEDER-000024, supported by the Norte Portugal Regional Operational Programme (NORTE 2020)
under the PORTUGAL 2020 Partnership Agreement (DESignBIOtecHealth—New Technologies for three Health
Challenges of Modern Societies: Diabetes, Drug Abuse and Kidney Diseases), through the European Regional
Metabolites 2019, 9, 18 9 of 11
Development Fund (ERDF). A.M. Araújo thanks the FCT for her PhD fellowship (SFRH/BD/107708/2015) and
M. Carvalho also acknowledges FCT through the UID/MULTI/04546/2016 project.
Conflicts of Interest: All authors have read the journal’s policy on the disclosure of potential conflicts of interest
and have none to declare.
References
1. Burger, M.; Catto, J.W.; Dalbagni, G.; Grossman, H.B.; Herr, H.; Karakiewicz, P.; Kassouf, W.; Kiemeney, L.A.;
La Vecchia, C.; Shariat, S.; et al. Epidemiology and risk factors of urothelial bladder cancer. Eur. Urol. 2013,
63, 234–241. [CrossRef] [PubMed]
2. Kirkali, Z.; Chan, T.; Manoharan, M.; Algaba, F.; Busch, C.; Cheng, L.; Kiemeney, L.; Kriegmair, M.;
Montironi, R.; Murphy, W.M.; et al. Bladder cancer: Epidemiology, staging and grading, and diagnosis.
Urology 2005, 66, 4–34. [CrossRef] [PubMed]
3. Rodrigues, D.; Jeronimo, C.; Henrique, R.; Belo, L.; de Lourdes Bastos, M.; de Pinho, P.G.; Carvalho, M.
Biomarkers in bladder cancer: A metabolomic approach using in vitro and ex vivo model systems.
Int. J. Cancer 2016, 139, 256–268. [CrossRef]
4. Chan, E.C.; Pasikanti, K.K.; Hong, Y.; Ho, P.C.; Mahendran, R.; Raman Nee Mani, L.; Chiong, E.;
Esuvaranathan, K. Metabonomic profiling of bladder cancer. J. Proteome Res. 2015, 14, 587–602. [CrossRef]
[PubMed]
5. Miremami, J.; Kyprianou, N. The Promise of Novel Molecular Markers in Bladder Cancer. Int. J. Mol. Sci.
2014, 15, 23897–23908. [CrossRef]
6. Ku, J.H.; Godoy, G.; Amiel, G.E.; Lerner, S.P. Urine survivin as a diagnostic biomarker for bladder cancer:
A systematic review. BJU Int. 2012, 110, 630–636. [CrossRef] [PubMed]
7. Sahu, D.; Lotan, Y.; Wittmann, B.; Neri, B.; Hansel, D.E. Metabolomics analysis reveals distinct profiles of
nonmuscle-invasive and muscle-invasive bladder cancer. Cancer Med. 2017, 6, 2106–2120. [CrossRef]
8. Nam, H.; Chung, B.C.; Kim, Y.; Lee, K.; Lee, D. Combining tissue transcriptomics and urine metabolomics
for breast cancer biomarker identification. Bioinformatics 2009, 25, 3151–3157. [CrossRef]
9. Denkert, C.; Budczies, J.; Kind, T.; Weichert, W.; Tablack, P.; Sehouli, J.; Niesporek, S.; Konsgen, D.; Dietel, M.;
Fiehn, O. Mass spectrometry-based metabolic profiling reveals different metabolite patterns in invasive
ovarian carcinomas and ovarian borderline tumors. Cancer Res. 2006, 66, 10795–10804. [CrossRef]
10. Catchpole, G.; Platzer, A.; Weikert, C.; Kempkensteffen, C.; Johannsen, M.; Krause, H.; Jung, K.; Miller, K.;
Willmitzer, L.; Selbig, J.; et al. Metabolic profiling reveals key metabolic features of renal cell carcinoma.
J. Cell. Mol. Med. 2011, 15, 109–118. [CrossRef]
11. Cheng, Y.; Xie, G.; Chen, T.; Qiu, Y.; Zou, X.; Zheng, M.; Tan, B.; Feng, B.; Dong, T.; He, P.; et al. Distinct
urinary metabolic profile of human colorectal cancer. J. Proteome Res. 2012, 11, 1354–1363. [CrossRef] [PubMed]
12. Huang, Q.; Tan, Y.; Yin, P.; Ye, G.; Gao, P.; Lu, X.; Wang, H.; Xu, G. Metabolic characterization of hepatocellular
carcinoma using nontargeted tissue metabolomics. Cancer Res. 2013, 73, 4992–5002. [CrossRef] [PubMed]
13. Aboud, O.A.; Weiss, R.H. New opportunities from the cancer metabolome. Clin. Chem. 2013, 59, 138–146.
[CrossRef] [PubMed]
14. Ramirez, T.; Daneshian, M.; Kamp, H.; Bois, F.Y.; Clench, M.R.; Coen, M.; Donley, B.; Fischer, S.M.;
Ekman, D.R.; Fabian, E.; et al. Metabolomics in Toxicology and Preclinical Research. Altex 2013, 30,
209–225. [CrossRef] [PubMed]
15. Yoon, M.; Campbell, J.L.; Andersen, M.E.; Clewell, H.J. Quantitative in vitro to in vivo extrapolation of
cell-based toxicity assay results. Crit. Rev. Toxicol. 2012, 42, 633–652. [CrossRef]
16. Rodrigues, D.; Monteiro, M.; Jeronimo, C.; Henrique, R.; Belo, L.; Bastos, M.L.; Carvalho, M. Renal cell
carcinoma: A critical analysis of metabolomic biomarkers emerging from current model systems. Transl. Res.
2016. [CrossRef] [PubMed]
17. Bansal, N.; Gupta, A.; Mitash, N.; Shakya, P.S.; Mandhani, A.; Mahdi, A.A.; Sankhwar, S.N.; Mandal, S.K.
Low- and high-grade bladder cancer determination via human serum-based metabolomics approach.
J. Proteome Res. 2013, 12, 5839–5850. [CrossRef] [PubMed]
18. Wittmann, B.M.; Stirdivant, S.M.; Mitchell, M.W.; Wulff, J.E.; McDunn, J.E.; Li, Z.; Dennis-Barrie, A.; Neri, B.P.;
Milburn, M.V.; Lotan, Y.; et al. Bladder cancer biomarker discovery using global metabolomic profiling of
urine. PLoS ONE 2014, 9, e115870. [CrossRef]
Metabolites 2019, 9, 18 10 of 11
19. Tan, G.; Wang, H.; Yuan, J.; Qin, W.; Dong, X.; Wu, H.; Meng, P. Three serum metabolite signatures for
diagnosing low-grade and high-grade bladder cancer. Sci. Rep. 2017, 7, 46176. [CrossRef]
20. Zuiverloon, T.C.M.; de Jong, F.C.; Costello, J.C.; Theodorescu, D. Systematic review: Characteristics and
preclinical uses of bladder cancer cell lines. Bladder Cancer 2018, 4, 169–183. [CrossRef]
21. Pereira, D.M.; Vinholes, J.; de Pinho, P.G.; Valentao, P.; Mouga, T.; Teixeira, N.; Andrade, P.B. A gas
chromatography-mass spectrometry multi-target method for the simultaneous analysis of three classes of
metabolites in marine organisms. Talanta 2012, 100, 391–400. [CrossRef] [PubMed]
22. Lima, A.R.; Araujo, A.M.; Pinto, J.; Jeronimo, C.; Henrique, R.; Bastos, M.L.; Carvalho, M.; Guedes de
Pinho, P. GC-MS-Based Endometabolome Analysis Differentiates Prostate Cancer from Normal Prostate
Cells. Metabolites 2018, 8. [CrossRef] [PubMed]
23. Pluskal, T.; Castillo, S.; Villar-Briones, A.; Oresic, M. MZmine 2: Modular framework for processing,
visualizing, and analyzing mass spectrometry-based molecular profile data. BMC Bioinform. 2010, 11, 395.
[CrossRef] [PubMed]
24. Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.;
Sawhney, S.; et al. HMDB: The Human Metabolome Database. Nucleic Acids Res. 2007, 35, D521–D526.
[CrossRef] [PubMed]
25. Ogata, H.; Goto, S.; Sato, K.; Fujibuchi, W.; Bono, H.; Kanehisa, M. KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res. 1999, 27, 29–34. [CrossRef] [PubMed]
26. Xia, J.; Wishart, D.S. MSEA: A web-based tool to identify biologically meaningful patterns in quantitative
metabolomic data. Nucleic Acids Res. 2010, 38, W71–W77. [CrossRef] [PubMed]
27. Chong, J.; Soufan, O.; Li, C.; Caraus, I.; Li, S.; Bourque, G.; Wishart, D.S.; Xia, J. MetaboAnalyst 4.0: Towards
more transparent and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486–W494. [CrossRef]
[PubMed]
28. Worley, B.; Powers, R. Multivariate Analysis in Metabolomics. Curr. Metab. 2013, 1, 92–107. [CrossRef]
29. Mastrangelo, A.; Ferrarini, A.; Rey-Stolle, F.; Garcia, A.; Barbas, C. From sample treatment to biomarker
discovery: A tutorial for untargeted metabolomics based on GC-(EI)-Q-MS. Anal. Chim. Acta 2015, 900,
21–35. [CrossRef]
30. Berben, L.; Sereika, S.M.; Engberg, S. Effect size estimation: Methods and examples. Int. J. Nurs. Stud. 2012,
49, 1039–1047. [CrossRef]
31. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]
32. Putluri, N.; Shojaie, A.; Vasu, V.T.; Vareed, S.K.; Nalluri, S.; Putluri, V.; Thangjam, G.S.; Panzitt, K.;
Tallman, C.T.; Butler, C.; et al. Metabolomic profiling reveals potential markers and bioprocesses altered in
bladder cancer progression. Cancer Res. 2011, 71, 7376–7386. [CrossRef]
33. Liu, Y. Fatty acid oxidation is a dominant bioenergetic pathway in prostate cancer. Prostate Cancer Prostatic Dis.
2006, 9, 230–234. [CrossRef]
34. Dettmer, K.; Vogl, F.C.; Ritter, A.P.; Zhu, W.; Nurnberger, N.; Kreutz, M.; Oefner, P.J.; Gronwald, W.;
Gottfried, E. Distinct metabolic differences between various human cancer and primary cells. Electrophoresis
2013, 34, 2836–2847. [CrossRef] [PubMed]
35. Cao, M.; Zhao, L.; Chen, H.; Xue, W.; Lin, D. NMR-based metabolomic analysis of human bladder cancer.
Anal. Sci. 2012, 28, 451–456. [CrossRef] [PubMed]
36. Letellier, S.; Garnier, J.P.; Spy, J.; Bousquet, B. Determination of the L-DOPA/L-tyrosine ratio in human
plasma by high-performance liquid chromatography. Usefulness as a marker in metastatic malignant
melanoma. J. Chromatogr. B 1997, 696, 9–17. [CrossRef]
37. Ananieva, E. Targeting amino acid metabolism in cancer growth and anti-tumor immune response. World J.
Biol. Chem. 2015, 6, 281–289. [CrossRef] [PubMed]
38. Al-Zoughbi, W.; Huang, J.; Paramasivan, G.S.; Till, H.; Pichler, M.; Guertl-Lackner, B.; Hoefler, G. Tumor
macroenvironment and metabolism. Semin. Oncol. 2014, 41, 281–295. [CrossRef]
39. Alberice, J.V.; Amaral, A.F.; Armitage, E.G.; Lorente, J.A.; Algaba, F.; Carrilho, E.; Marquez, M.;
Garcia, A.; Malats, N.; Barbas, C. Searching for urine biomarkers of bladder cancer recurrence using a
liquid chromatography-mass spectrometry and capillary electrophoresis-mass spectrometry metabolomics
approach. J. Chromatogr. A 2013, 1318, 163–170. [CrossRef]
Metabolites 2019, 9, 18 11 of 11
40. Pasikanti, K.K.; Norasmara, J.; Cai, S.; Mahendran, R.; Esuvaranathan, K.; Ho, P.C.; Chan, E.C.
Metabolic footprinting of tumorigenic and nontumorigenic uroepithelial cells using two-dimensional gas
chromatography time-of-flight mass spectrometry. Anal. Bioanal. Chem. 2010, 398, 1285–1293. [CrossRef]
41. Tripathi, P.; Somashekar, B.S.; Ponnusamy, M.; Gursky, A.; Dailey, S.; Kunju, P.; Lee, C.T.; Chinnaiyan, A.M.;
Rajendiran, T.M.; Ramamoorthy, A. HR-MAS NMR tissue metabolomic signatures cross-validated by mass
spectrometry distinguish bladder cancer from benign disease. J. Proteome Res. 2013, 12, 3519–3528. [CrossRef]
[PubMed]
42. Conde, V.R.; Oliveira, P.F.; Nunes, A.R.; Rocha, C.S.; Ramalhosa, E.; Pereira, J.A.; Alves, M.G.; Silva, B.M.
The progression from a lower to a higher invasive stage of bladder cancer is associated with severe alterations
in glucose and pyruvate metabolism. Exp. Cell Res. 2015, 335, 91–98. [CrossRef] [PubMed]
43. Srivastava, S.; Roy, R.; Singh, S.; Kumar, P.; Dalela, D.; Sankhwar, S.N.; Goel, A.; Sonkar, A.A. Taurine—A
possible fingerprint biomarker in non-muscle invasive bladder cancer: A pilot study by 1H NMR
spectroscopy. Cancer Biomark. 2010, 6, 11–20. [CrossRef] [PubMed]
44. Gamagedara, S.; Shi, H.; Ma, Y. Quantitative determination of taurine and related biomarkers in urine by
liquid chromatography-tandem mass spectrometry. Anal. Bioanal. Chem. 2012, 402, 763–770. [CrossRef]
[PubMed]
45. Pasikanti, K.K.; Esuvaranathan, K.; Ho, P.C.; Mahendran, R.; Kamaraj, R.; Wu, Q.H.; Chiong, E.; Chan, E.C.
Noninvasive urinary metabonomic diagnosis of human bladder cancer. J. Proteome Res. 2010, 9, 2988–2995.
[CrossRef] [PubMed]
46. Pasikanti, K.K.; Esuvaranathan, K.; Hong, Y.; Ho, P.C.; Mahendran, R.; Raman Nee Mani, L.; Chiong, E.;
Chan, E.C. Urinary metabotyping of bladder cancer using two-dimensional gas chromatography
time-of-flight mass spectrometry. J. Proteome Res. 2013, 12, 3865–3873. [CrossRef]
47. Jin, X.; Yun, S.J.; Jeong, P.; Kim, I.Y.; Kim, W.; Park, S. Diagnosis of bladder cancer and prediction of survival
by urinary metabolomics. Oncotarget 2014, 5, 1635–1645. [CrossRef] [PubMed]
48. Cavuoto, P.; Fenech, M.F. A review of methionine dependency and the role of methionine restriction in
cancer growth control and life-span extension. Cancer Treat. Rev. 2012, 38, 726–736. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
